A study of the magnetic and structural properties of the double perovskite Ba 2 GdMoO 6 has been performed. The crystal structure distorts from the ideal cubic (Fm % 3m) structure to the tetragonal space group I4/m at 220 K, before undergoing a second distortion to a triclinic system (I % 1) at 80 K. The phase transition to triclinic symmetry is also evident in magnetic susceptibility measurements. The variable temperature synchrotron powder X-ray diffraction results reveal that Ba 2 GdMoO 6 is ferroelastic, with the onset of ferroelastic domain formation occurring at the cubic-tetragonal phase transition. A
I. Introduction
Transition metal perovskites (ABX 3 ) have received much attention as a result of their diverse properties. These include colossal magnetoresistance (CMR) as observed in doped manganites such as La 1Àx Sr x MnO 3 , 1 ferroelectricity in BaTiO 3 , 2 superconductivity
in Ba 1Àx K x BiO 3 3 and ferroelasticity in LaCoO 3 . 4 As well as these useful properties, it is the ability to easily adapt the perovskite structure by chemical substitution and produce materials with optimised properties that makes studying the perovskites such an attractive proposition. Double perovskites have the general formula A 2 BB 0 X 6 and are formed by extension of the basic perovskite structure, where a mixture of cations occupy the octahedrally coordinated B sites. 5 Within this B site sub-lattice, cations can be disordered;
or ordered in a layered, columnar or rock salt arrangement. As with the basic perovskite structure, double perovskites regularly undergo symmetry lowering distortions such as octahedral tilting, 5 B site cation displacements 6, 7 and orbital ordering leading to Jahn-Teller (JT) distortions. 8 Such structural flexibility results in extremely versatile materials that readily undergo distortions away from the ideal cubic symmetry. Double perovskites also exhibit diverse electronic and magnetic properties. Superconductivity has been evidenced in doped double perovskites such as A 2 Y(Ru 1Àx Cu x )O 6 (where A = Ba or Sr), 9 Sr 2 MgMoO 6Àd is an oxide ion conductor with potential application in solid oxide fuel cells, 10 Variable temperature synchrotron X-ray diffraction patterns were recorded at a wavelength of l = 0.3948 Å on the ID31 powder diffraction beamline at ESRF, Grenoble, France. A sample of Ba 2 GdMoO 6 was inserted into a 0.5 mm-diameter borosilicate glass capillary mounted on the axis of the diffractometer and spun at B1 Hz to improve the powder averaging of the crystallites. Diffraction patterns were recorded over a range of temperatures from 5 K to 290 K over the angular range 51 o 2y o 451 and rebinned to a constant step size of 0.0021 for each scan.
III. Results/discussion
The variable temperature synchrotron X-ray diffraction data for Ba 2 GdMoO 6 were fitted using the Rietveld refinement technique 22 using the Topas software. This phase transition is confirmed by the observation of peak splitting below 250 K. Fig. 2 shows a selected area of the synchrotron X-ray diffraction pattern evidencing the (400) reflection at 250 K. There is clear evidence of peaks splitting below 220 K with further splitting seen in 180 K data. This transition is driven by the rotations of octahedra about the cubic (001) axis, which can be described using the Glazer tilt system (a
A second transition from the tetragonal space group I4/m to the triclinic crystal system space group
Glazer tilt system, a = 5.97444(20) Å, b = 5.96863(18) Å, c = 8.45848(9) Å] occurs at 80 K, which was confirmed by the observation of further peak splitting and broadening and is corroborated by the differences in the fit statistics between the two models; w 2 = 2.62 and 2.98 and R wp = 14.96 and 17.03 for the triclinic and tetragonal models respectively at 80 K. The same phase transitions are observed for Ba 2 NdMoO 6 and Ba 2 SmMoO 6 13,15 upon cooling and are in Fig. 1 Rietveld refinement of the synchrotron X-ray diffraction data for Ba 2 GdMoO 6 . The black line represents the actual data, the black circles represent the calculated pattern and the trace below is the difference between calculated and collected data. A region between 6.65 and 7.45 2y (degrees) is excluded due to a peak associated with a small amount of unknown impurity.
corroboration with a recent group theoretical analysis of structural distortions of double perovskites. 7 Upon decreasing the temperature below 220 K the quality of fit to both the tetragonal (100-220 K) and triclinic phases (5-80 K) gets progressively worse with decreasing temperature. There is clear evidence of diffuse scattering between the diffraction peaks below 220 K as shown in Fig. 3(a) which displays a close up of the [004] and [220] reflections (angular range 10.5 o 2y o 11) at 5 K. The black line represents the actual data whilst the shaded region represents the calculated pattern. Such additional scattering between diffraction peaks is characteristic of a ferroelastic transition. A ferroelastic material exhibits spontaneous strain under an external stress and the transition (T c ) from the paraelastic high temperature phase to the ferroelastic low temperature phase is inherently linked to a change in symmetry of the crystal structure. 24 For Ba 2 GdMoO 6 the ferroelastic transition is observed at 220 K when the crystal structure distorts from cubic to tetragonal symmetry. The spontaneous strain in a ferroelastic material is strongly influenced by the microstructure of the crystal and domains/twins are commonly observed below T c . Scattering associated with the domain boundaries results in asymmetry in the direction of the hypothetical high symmetry peak and a characteristic hkldependent line broadening in X-ray and neutron diffraction patterns (as observed in the synchrotron X-ray diffraction data of Ba 2 GdMoO 6 below 220 K). This characteristic scattering presents a challenge when attempting to extract crystallographic information from Rietveld refinement, and a range of approaches have previously been adopted. 25 Most commonly an extra phase is introduced to account for the domain wall scattering. Fig. 3(a) shows the Rietveld refinement of the 5 K synchrotron X-ray diffraction data, modelled with the I% 1 triclinic space group. It is clear that the model is not suitable because of the relative intensity mismatch and the unsuccessful modelling of the intensity between the peaks. The poor quality of fit is further illustrated by the goodness of fit statistics; w 2 = 3.664, R wp = 21.910 and R p = 17.582. In order to obtain reliable crystallographic information from the Rietveld refinement an appropriate model capable of accounting for the intensity between peaks was sought. Fig. 3(a-c) The next approach introduced a single triclinic phase (space group I% 1) to the refinements that incorporated anisotropic peak asymmetry. This was key as the integrated intensity is central to attaining useful structural information. Due to the Fig. 2 A selected area of the synchrotron X-ray diffraction pattern of Ba 2 GdMoO 6 showing the [400] structural peak at 250 K (top). There is clear evidence of peak splitting at the cubic to tetragonal phase transition displayed here for T = 220 K (middle) and 180 K (bottom). This peak splitting increases upon reducing the temperature. microstrained domain boundary origin of the asymmetric reflection tails, there is a well defined hkl dependence to the magnitude and direction of asymmetry for each peak so that an additional convolution to the peak profile was needed to adequately model the data. Two different fourth-order spherical harmonic functions were introduced in TOPAS 23 to account for both the two-theta and systematic hkl-dependence of the asymmetry. This fitting procedure resulted in extremely good fits across the entire dataset and could be applied successfully at all temperatures. Fig. 3(c) and R p = 10.484] reflect the improvement in fit compared to the previous models. Crystallographic information was taken from the refined data using this approach, in the temperature range 5-290 K. The peak shapes were modelled with a pseudoVoigt function incorporating the asymmetry described above. Refined atomic coordinates, isotropic/anisotropic thermal parameters, cell parameters, statistical measures of fit quality and selected bond lengths and angles are shown in Tables 1  and 2 . All of the metal and oxygen occupancies refined to within AE1% of full occupancy and were fixed to 1. There was no evidence for cation anti-site disorder or oxygen nonstoichiometry. 89.9830 (13) Fig. 4 shows the evolution of cell parameters in the temperature range 5-290 K. The tetragonal to triclinic transition is manifest in the cell parameters where a slight elongation along c, coinciding with a contraction along a is detected. Fig. 5 shows the evolution of Mo-O bond lengths with temperature down to 5 K. The triclinic structural phase transition is manifest in the Mo-O(1) and Gd-O(1) bond lengths which elongate and contract respectively below 100 K (Fig. 5 , Table 2 ). In contrast Gd-O(2) exhibits a smooth reduction upon cooling. The Mo-O-Gd bond angles are reported in Table 2 and the tetragonal to triclinic phase transition is clearly evident in thermal variation of the Mo-O(2)-Gd bond angles where a reduction in the buckling of Mo-O(2)-Gd is observed below 100 K.
There is no evidence of the Jahn-Teller distortion previously reported for Ba 2 corresponding to an overall effective moment of 8.14 m B , close to the predicted total magnetic moment of 8.13 m B . Below 100 K, the inverse susceptibility deviates from the CurieWeiss law. Fig. 6 (inset) evidences a subtle peak in the thermal evolution of dw À1 /dT at 100 K, which correlates with the tetragonal to triclinic structural transition temperature reported above.
IV. Conclusions
The results demonstrate that the double perovskite Ba 2 GdMoO 6 is ferroelastic, whereby it exhibits spontaneous strain under an external stress. Such an effect has not been reported previously for Mo 5+ double perovskites. This ferroelastic transition is manifest in synchrotron X-ray diffraction patterns as diffuse scattering associated with scattering from domain boundaries is detected below the cubic to tetragonal phase transition at 220 K. In order to model this and gain useful crystallographic information, the peak asymmetry was convoluted with a fourth order spherical harmonic (SH), to model the direction and magnitude of peak asymmetry. Ba 2 GdMoO 6 undergoes a transition from a cubic (space group Fm% 3m) to a tetragonal system (space group I4/m) at 220 K before undergoing a second transition to a triclinic system (space group I% 1) at 80 K. Magnetic susceptibility data shows a deviation from Curie-Weiss behaviour below 100 K which coincides with the structural transition from tetragonal to cubic symmetry.
